While the ultracentrifuge to be described is essentially of the type originated by Beams and Pickels (1935) , I some of the details of construction are new, and it is thought that they may be of value to those who wish to carry on work of this kind.
The distinguishing features of the instrument are described below. 1. A precession damping device, which prevents the centrifuge rotor from going into disturbing precessional motions at certain speeds during acceleration and deceleration. Although we do not claim originality for this idea, we do not know of any instance where it is being successfully used at present.
By preventing precessional motions, the damping device makes permissible the use of a longer section of shaft between the centrifuge rotor and lower bearing. This reduces the transmission of vibrations along the shaft from the centrifuge rotor to the lower bearings and driving mechanism, and greatly increases the life of the bearings.
2. Provision for adjustment of the positions of the driving mechanism parts, and for dismantling the driving mechanism without disturbing these adjustments.
3. A double compressed air turbine, which serves both as drive and brake.
4. Use of the flat disc type air bearing which permits smooth operation over a wide variation of air pressure. Fig. 1 shows a-cross section of the assembled driving mechanism, which is mounted on the steel cover plate (1) of the vacuum chamber. The driving l Beams, J. W., and Pickels, E. G., Rev. Scient. Instr., 1935, 6, 299. 1 mechanism is made of brass. Where other materials are used in its construction, they will be specified in the description.
The Driving Mechanism
The English system of measurement is used in preference to the metric system, since it is more adaptable to the stock parts and tools available in ordinary supply houses and machine shops.
The lower bearing consists of the two phosphor bronze bushings (2) and (2t), mounted in the ends of the core piece (3). Through these bushings passes the spring steel shaft (4). The core piece rests between two duprene rings (5), and is held in place in the lower beating housing (6) by the lower bearing retainer (7).
FIG. 1. The assembled driving mechanism.
Oil enters the housing through the oil inlet tube (8), and the oil escaping from the top of the bearing is led off through the oil drain (9).
The rest of the driving mechanism is mounted on the base ring (10), which is fastened to the cover plate by the six screws (11). These screws pass through holes in the ring large enough to permit about 1/16 inch lateral adjustment. The stator body (12) , and the air bearings base (13) , are carried by the base plate (14) . By placing thin shim washers on the shoulders of the three posts (15), the position of the plate is adjusted so that its plane is perpendicular to the direction given the shaft (4) by the set of the duprene rings (5). If these rings are reasonably uniform, the shim washers should not have to be over 1/64 inch thick, and will not give the base plate enough tilt to be noticeable.
The turbine rotor (16) is made of duraluminum, and is mounted on the shaft (4). It has two identical sets of flutes (17) and (18), one of which runs clockwise and the other counter-clockwise. The air jet ring (19) of the stator has two identical sets of air jets (20) and (21), corresponding to the two sets of flutes on the rotor.
The upper and lower sets of jets may be used interchangeably as drive and brake. In the present instrument the upper set is used to drive the rotor. Air is supplied to the jets through the inlet tubes (22) and (23), which connect with the annular channels (24) and (25).
The stator body (12) is mounted on the three steel studs (26), which are screwed into the base plate (14) . These studs are adjustable in height and are locked in position by the nuts (27). The position of the base ring (10) is adjusted so that the stator and rotor are concentric when the rotor is in the position determined by the set of the lower bearing.
The entire weight of the rotating system is carried by a cushion of compressed air in the air bearing (13), (28), (29) . Compressed air enters the air bearing base (13) through the inlet tube (30) and raises the turbine rotor (16) off the formica collar (29), the air escaping between the upper rim of the collar and the bottom of the rotor. During operation the rotor floats entirely free of the collar, the cushion of air maintaining a gap of a few thousandths of an inch between the rim of the collar and the under surface of the rotor.
The three screws fastening the air bearing base to the base plate (14) pass through holes large enough to permit about 1/16 inch lateral movement, thereby allowing the air bearing base to be adjusted so that the shaft passes concentrically through the hole (31) (see Fig. 4 A).
The upper bearing consists of a phosphor bronze bushing fitted centrally into the steel ball (32). This ball rests between duprene washers, and is held in place in the bottom of the housing (33) by the piece (34). Oil is admitted to the upper bearing through the oil inlet tube (35). Three arms (36), resting on the posts (37), carry the upper bearing housing. These posts are mounted on the ring (38), which is fastened to the stator body (12) by the three screws (39). The screws pass through holes large enough to allow about 1/16 inch lateral movement of the ring, permitting the upper bearing to be centered with the shaft. Three large holes (40) are provided in the ring, so that the screws holding down the stator body may be removed without disturbing the adjustment of the ring.
Oil is supplied under pressure to the upper and lower bearings from a tank mounted on the vacuum chamber cover plate. This tank, which is failed with Cenco vacuum pump oil No. 93050, has a capacity of 280 cc. and holds enough oil for many runs. A glass gauge on the side indicates the oil level, and the oil is conducted to the bearing oil inlets (35) and (8) through 1/4 inch duprene tubing connected to outlets on the tank.
Since the pressure (9 to 10 pounds per square inch) required by the air bearing is also suitable for forcing oil to the upper and lower bearings, the top of the oil tank and the air bearing inlet are joined by a T connection so that they are both supplied by the same air hose.
The centrifuge rotor which hangs on the end of the shaft (4) is quite heavy, and it is essential that the shaft be held vertically during operation in order not to strain it. To aid in proper orientation of the shaft, there is screwed to the vacuum chamber cover plate a steel framework carrying a small plumb bob. The plumb bob hangs on a fine thread, and its point is 3½ inches below the support to which the thread is fastened. Mounted on the framework below the plumb bob, and facing upward, is a similar point whose position is adjustable, and which can be locked in place by a screw.
After the driving mechanism has been assembled and adjusted, the rotor and shaft are removed and the upper bearing is put back in place. A thread is then passed through the lower and upper bearings and out of the oil inlet hole (41) in the upper bearing cap. The lower end of the thread is weighted, and the vacuum chamber cover plate is oriented so that the thread hangs centrally through both the upper and lower bearings. The lower point on the plumb bob framework is now adjusted so that it is directly under the plumb bob point, and is then locked in place.
The position of the centrifuge is checked before each run to see that the points are lined up, thus insuring vertical alignment of the shaft during operation.
Details of Construction of the Driving Mechanism The Turbine Rotor and Stator
The duraluminum turbine rotor, with its two oppositely directed sets of flutes, is shown in Fig. 2 A. It is carefully machined in order to be as accurately balanced as possible. The flutes were milled to a depth of 3/64 inch with a special cutter, and there are 30 flutes in each set. The rotor is hollowed out to reduce its weight, and the bottom is closed by a duraluminum disc (42), pressed into place and turned off. It was found necessary to close the bottom of the rotor to get rid of vertical vibration of the rotating system, which occurred when the bottom of the rotor was left open. The inner rim of the top part of the rotor is inclined slightly outward, as shown in Fig. 2 A, so that it will clear itself of oil while running. A phosphor bronze core (43) which is pressed into place, permits the rotor to be soldered to the shaft (4).
The shaft (4) is made from 3/32 inch straightened music wire, 2 and is about 7a, inches long.
The stator body and air jet ring are shown in Figs. 2 B and C. The air jet ring (19) has an inside diameter of 1~ inches, so that the turbine rotor has a total clearance of 1/16 inch. Its two oppositely directed sets of air jets (20) and (21) consist of eight holes in each set. The air jet holes were made with a No. 53 drill, and point so that their axes pass 3/32 inch from the inner surface of the ring, as shown in Fig. 2 C.
Obtained from the Wickwire Spencer Steel Company, New York City.
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The inside of the stator body (12) is bored out to form a light press fit for the air jet ring, which is soldered into place. The air channels (24) and (23) 
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FIo. 2. The turbine rotor and stator.
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The Lower Bearing
The phosphor bronze bushings (2) and (2') (see Fig. $ A) are first screwed and soldered into the core piece (3), and are then drilled and reamed to fit the shaft. A section of shaft, which has one end hardened and ground off diagonally, is used to ream the bushings to final size. The rim (46) of the core piece flange is grooved for oil, which has access to the bearings through four holes (47) drilled in the flange.
Since the lower bearing bushing (20 projects into the vacuum chamber, it is made a little longer than the upper one in order to keep oil from runn;ng through it too fast.
The lower bearing housing (6) (see Oil enters the core piece well through the opening (51), which is placed so as to be
,t 6~ ~ 50 ~ c.
FIo. 3. The lower bearing and housing.
even with the core piece flange when the assembly is fastened in place by the lower bearing retainer (7) A small cap (52) fits into the top of the lower bearing retainer and serves to protect the bearings. One side of the cap is cut away so that it will not block the oil drain (9), which is made from a flattened piece of 1/4 inch tubing.
The core piece should be held in place in the well firmly, but not too rigidly. In order to permit the duprene rings to absorb small vibrations that might be present, they should be allowed a slight amount of "give."
The Air Bearing The assembled air bearing, mounted on the base plate (14) and carrying the turbine rotor (16), is shown in Fig. 4 A. The hole (31) through which the shaft enters the bearing base (13) should be large enough to clear the shaft, but not large enough to allow the escape of too much air. About 0.020 inch clearance is left between the rotor and the neck of the air bearing base. It was found that if this space is much larger, the escaping air sets up an annoying whistle, which disappeared when the clearance was reduced to the dimensions given. Fig. 5 shows the upper bearing, assembled in its housing (33). The phosphor bronze bushing (55) is drilled and reamed to fit the shaft in the same manner as the lower bearing bushings, and is then turned to size on an arbor and pressed into place in the steel ball (32).
The Upper Bearing
The ball (32) is a steel ball bearing, which is annealed, bored to accommodate the bushing, and then rehardened and tempered. The ball rests firmly between a pair of 1/32 inch thick duprene washers (57), but is not clamped tightly enough to destroy their cushioning action.
By loosening the screws holding down the bearing cap (58) and inserting a short section of shaft into the bearing, the ball can be turned to align the bearing with the shaft. A thin paper gasket (59) placed between the cap and the rim of the housing keeps oil from leaking out under the cap.
The Vacuum Chamber Assembly The Centrifuge Rotor
The centrifuge rotor is shown in position in the vacuum chamber in Fig. 6 . It is patterned closely after the one described by Bauer and Pickels (1936) , 3 with the s Bauer, J. H., and Pickels, E. G., J. Exp. Med., 1936, 64, 503. exception that it is smaller and has fewer test tube holes. There is also a shoulder left at (60) making it possible for the rotor body to have a relatively wider mouth.
The rotor body is 6t inches in diameter, and the,complete rotor weighs about 6.7 pounds.
The material used for the rotor body and cap (61), (62), is a duraluminum alloy having a very high ratio of tensile strength to density, i The rotor body (61) contains 10 test tube holes (6J), inclined at 45 ° to the axis. These holes are bored to a diameter of 0.520 inch to accommodate the flexible test tubes. 6 The test tubes, as furnished, are about 4 inches long. They are cut down to 2½ inches for use in the rotor, so that I/4 inch of the rim projects above the holes (6J). Unless the rotor is perfectly balanced, the shaft (4) wiU not coincide exactly with the principal axis of the rotor and wiU therefore be subjected to some vibration at the point where it enters the chuck (65). Even if the rotor is perfectly machined and the weight of each test tube with its contents is exactly the same, there will probably still remain a slight amount of unbalance because of variations in density of the metal. Hence the chuck of the rotor is placed about 2i inches below the lower hearing (see Fig. 6 ), so that the free section of spring steel shaft in between effectively protects the lower hearing from vibrations arising from slight unbalance of the rotor.
No perceptible vibrations are transmitted through the shaft to the bearings and driving mechanism, even though no attempt was made to balance the rotor after machining it, and though the test tubes and contents are not weighed to see that they match. In practice, the test tube contents are measured out with a 5 cc. Luer syringe.
The Precession Damper
At certain speeds a freely suspended rotor on the end of a long, flexible shaft is apt to go into pronounced precessional motions that are hard on the shaft and lower bearings. Such motions usually appear at relatively low speeds, during acceleration or deceleration of the rotor. In the centrifuge described they are eliminated by the damping device (66) to (69), Fig. 6 . This device consists essentially of a duprene block (66), which is free to slide on the oiled steel plate (70). A short steel pin (67) on the bottom of the rotor enters a bushing (68) in the duprene block, so that if precessional motions are set up, the block is dragged around with the rotor. The friction between the duprene block (66) and the steel plate (70) is sufficient to damp these precessions so that they have no chance to build up. With the vacuum chamber cover plate suspended on a wooden frame so that the rotor could be observed while spinning, it was found to return quickly and smoothly to its normal position after being intentionally pushed aside.
The steel pin (67) is made from a piece of the 3/32 inch music wire used for the drive shaft (4), and is soldered into the steel plug (69). The bushing (68) is made from ordinary writing paper, rolled tightly on the shank of a 7/64 inch drill and pushed into the hole in the duprene block (66). This allows 1/64 inch clearance for the steel pin (67), so that after the rotor settles down, the pin comes to rest in the center of the bushing. The same paper bushing has been used for many runs without showing signs of wear, indicating that after the rotor has passed through its critical speeds the pin no longer touches the bushing.
Care must be taken to wind the paper bushing in the right direction, so that it will not roll up on the pin and seize it.
The duprene block (66) is made from a one hole No. 8 duprene stopper, cut down to 5/8 inch in height. The bottom of the block is covered with light card-board, which has corrugations cut in it to prevent oil from sealing it to the plate (70). The cardboard is fastened to the bottom of the block with shellac.
The plate (70), which is made of 1/4 inch steel, is held in place on the three steel rods (71) by the collars (72), (73) . These collars are adjusted so that the plate is horizontal when the plumb bob on the vacuum chamber cover plate hangs true, and so that the surface of the plate clears the end of the steel pin (67) by about 1/16 inch. The plate is removed by taking off the lower set of collars (73), while the upper set (72) preserves the adjustment. The wooden frame mentioned above facilitates removing and replacing the plate, by holding the ends of the rods (71) free of the table.
Three 1 inch holes (not shown in Fig. 6 ) are drilled in the plate (70), to insure good evacuation at low pressures.
To keep the rotor from swinging too far should the assembly be accidentally tipped during handling, there is screwed to the plate a formica guard ring (74).
The bushing, pin, and section of plate inside the guard ring are copiously oiled with vacuum pump oil before each ran.
The Vacuum Chamber
The vacuum chamber (see Fig. 6 ) is made from a section of 10 inch steel pipe (75), 3/8 inch thick, brazed to a 7/16 inch steel plate (76). The rim of the chamber has a groove (77) turned in it to fit a tongue in the cover plate (1), and the cover plate and rim of the chamber are carefully ground together to form a good fit. A coating of Cenco vacuum wax smeared on the chamber rim serves to make the joint vacuum tight.
To press the cover plate firmly into place before evacuating, the chamber is provided with six swivel bolts (78), which are swung up into slots in the projecting rim of the cover plate and tightened down with wing nuts. A Cenco megavac pump, connected by a short length of 5/8 inch I.D. rubber vacuum tubing to a 112 inch pipe nipple in the chamber wall, is used to evacuate the chamber. Two 1/4 inch nipples provide connections for a McLeod gauge to measure the pressure in the vacuum chamber, and for a stopcock to let air back into it.
The weld at the bottom of the chamber was coated with picein cement, and the chamber and pipe fittings were given two coats of glyptal paint.
To guard against danger from possible explosion of the rotor, the centrifuge is operated inside a heavy barricade 43 inches high, constructed of wood and sand. The front, facing the operator, is a double wall of 5 inch beams with 6 inches of sand between, forming a barrier 16 inches thick. One side is mounted on rollers to give access to the interior. Plyboard facing and aluminum corner moulding serve to give the barricade a finished appearance.
Inside the enclosure is a small wooden table, 10 inches high and covered with 1/2 inch thick sponge rubber, which supports the centrifuge. A pair of suitably placed mirrors enables the operator to see the top of the centrifuge over the front of the barricade. The top of the enclosure is covered by a removable glass plate, which serves to keep out dust and to confine the noise produced by the turbine during acceleration or braking with 20 to 30 pounds of air pressure. 
Speed Measurements
The speed of the centrifuge is measured with the portable disc stroboscope shown in Fig. 7 . The stroboscope disc (79), mounted on the shaft of the small D.C. motor (gO), is made of brass and is carefully balanced. It is 8 inches in diameter and 1/8 inch thick, and has 60 radial slots cut in its rim. Each slot is 1/16 inch wide and 3/4 inch deep. The motor is 1/20 h.p., shunt wound, with a normal no-load speed of 1800 R.P.M. By means of a potentiometer arrangement its speed can be varied from zero up to several thousand R.P.~.
At (81) is a small centrifugal type tachometer, 6 which is connected to the rear of the motor shaft by 1/4 inch rubber tubing, and which has a range of 200 to 2400 R.p.x¢. The piece (82) steadies the driving tube (83) by bearing lightly against it.
In front of the stroboscope disc there is a steel shield (84). This shield has a slot cut in it at (85), 1/2 inch long and 3/64 inch wide, against which the observer places his eye to view the turbine rotor through the slots in the revolving disc. The shield is painted black to eliminate reflections, and the shield and part of the base at (86) are cut away to accommodate the observer's face.
At (87) is mounted an air jet with a irectangular nozzle, placed opposite the slots in the stroboscope disc. The nozzle of the jet passes through a hole in the shield and terminates about 1/16 inch from the disc, with its wider axis parallel to the slots passing before it. The jet is provided with an air hose nipple, and together with the disc forms a siren whose pitch can be controlled by the speed of the motor.
Since there are 50 slots in the disc and since the tachometer is calibrated in revolutions per minute, the pitch of the note in vibrations per second produced by the siren is indicated directly by the tachometer dial. This arrangement provides a second means of checking the speed of the centrifuge, besides the customary method of observing the turbine rotor through the slotted disc. During operation the centrifuge emits a clear tone whose frequency is equal to the speed of the turbine rotor. Hence, by matching the tone of the siren with the tone of the centrifuge, the observer can obtain the speed of the centrifuge in revolutions per second directly from the tachometer dial.
The audible method of speed checking was found to be as convenient and accurate as the visual method, with the added advantage of letting the operator know at all times in which direction to change the speed of the stroboscope when seeking synchronism. When using the visual method alone, it is hard to tell whether the stroboscope is above or below synchronous speed until synchronism is nearly reached.
The tachometer may be tested for accuracy from time to time by attaching a revolution counter to the stud (88), which projects from the motor shaft through the front of the shield.
A handle (89), screwed to the motor frame, enables the stroboscope to be easily carried around.
Operation
After the flexible test tubes have been equally filled by means of a pipette they are put into the rotor and the rotor cap is screwed in place, the cap being rendered air tight by the rubber washer (64) (see Fig. 6 ). It is not necessary to fill the tubes to capacity, but reasonable care should be taken to have the same volume of fluid in each.
The rotor is then placed on the shaft and the chuck (65) is screwed down as e Manufactured by the ]'ones Motrola Company, Brooklyn, New York. tightly as possible by hand. It was found unnecessary to use a wrench on the chuck, since it has shown no tendency to work loose. While tightening the chuck it is well to have the air supply to the air bearing turned on, in order to avoid twisting the shaft. A small ring marked on the shaft aids in placing the rotor so that the pin (67) will clear the plate (70) properly.
When the rotor is in position, the damping block (66) is slipped on the pin (67) and held while the plate (70) is raised into place against the upper set of collars (72). The plate is then fastened by the lower set of collars (73).
The rim of the vacuum chamber is next well coated with Cenco vacuum wax, care being taken to see that the rim of the chamber and the ground surface on the lower side of the cover plate are free from dirt. Then the cover plate with the rotor, driving mechanism, etc., is lowered into place with the aid of a small derrick mounted on the front of the barricade, and is firmly seated on the vacuum chamber by means of the swivel bolts (78).
After the vacuum chamber is pumped down, the air bearing pressure is set between 9 and 10 pounds per square inch, and the machine is started. Care should be taken before starting to see that the plumb bob on the vacuum chamber cover plate hangs true, in order to insure vertical alignment of the drive shaft and horizontal alignment of the plate (70).
DISCUSSION
The maximum operating speed used for this instrument is 850 l~.P.s., which gives a centrifugal field of over 100,000 times gravity at the top of the fluid column in the test tubes and a field of over 200,000 times gravity at the bottom. Higher speeds than this have not been attempted because of the danger of explosion. 7
With a pressure of 30 pounds per square inch on the driving turbine, the rotor attains its full speed of 850 R.P.s. in about 35 minutes. About 9 pounds per square inch is sufficient to maintain this speed after it is reached. 15 to 20 pounds per square inch on the braking turbine brings the rotor to a stop from full speed in about 30 minutes. Several hours are required for the rotor to coast to a stop from full speed if the brake is not used.
For some months after the machine was put in operation, it was not run at speeds higher than 650 R.P.S. On the basis of experiments by Wyckoff and Lagsdin (Reo. Sci~t. Instr., 1937, 8, 427) , testing the strength of similar rotors, it was decided to increase the maximum operating speed to 850 R.P.s. Micrometer calipers were used to keep a check on the dimensions of the rotor. Although many runs of from 2 to 6 hours duration have since been made at this speed, careful measurements of the diameter of the rotor at its rim and mouth have shown no detectable stretching.
The air bearing does not require a critical adjustment of air pressure. Although the pressure is usually kept between 9 and l0 pounds per square inch, the air bearing has been found to operate satisfactorily anywhere in the range between 8 and 12 pounds per square inch. The pressure has been varied between these limits while the centrifuge was in operation without causing trouble.
During acceleration and deceleration one or two small vibration periods appear, but they are not pronounced enough to cause trouble, and the centrifuge passes through them without difficulty. In the usual operating speed range of 600 to 850 •.P.s. the machine is very smooth and quiet, emitting only a faint clear note. The plate glass cover must be removed from the top of the barricade after the centrifuge attains full speed in order that the operator may hear the tone and match it with the siren.
Many 6 hour runs have been made without developing any bearing trouble. The small amount of oil running into the vacuum chamber through the lower bearing has not been found sufficient to make necessary a special collecting device. A small amount also escapes from the upper bearing, but this likewise causes no particular inconvenience.
During operation the pump maintains the pressure in the vacuum chamber at 3 or 4 X 10 -3 mm. of mercury, as indicated by the McLeod gauge. No vapor trap is used in the system. Upon completing a run, the centrifuge rotor is slightly warm to the touch immediately after removing it from the vacuum chamber, showing that even at such low densities there is enough friction with the residual gas to cause some rise in its temperature. Good sedimentation results have been obtained under these vacuum conditions, however, and it is doubtful that sufficient temperature gradients are set up in the rotor to cause appreciable stirring of its contents.
The great centrifugal forces set up in the centrifuge rotor cause the rims of the test tubes to fold over and close the mouths of the tubes. Fractioning of the contents is greatly facilitated by inserting a hypodermic needle through the folded rims and drawing off the upper fractions through it. In order to minimize stirring, this may be done before the test tubes are removed from the rotor. The last fraction is best removed after the test tubes have been taken out. A pair of HORMONE STUDIES WITHULTRACENTRIFUGE. I hemostats have been found very convenient for pulling the test tubes out of the rotor.
SUMMARY
I. An ultracentrifuge is described in which the rotor is driven by a compressed air turbine, and is spun in an evacuated chamber to minimize friction and heating. The rotating parts are supported by a cushion of air in an air bearing.
2. The centrifuge rotor holds I0 test tubes inclined at 45 ° to the axis, and has a capacity of 55 cc. It is operated at a maximum speed of 51,000 R.P.~., which develops at the top of the fluid column in the test tubes a centrifugal field of over i00,000 times gravity, and at the bottom of the fluid column a field of over 200,000 times gravity.
3. By means of a reverse turbine, the rotor can be brought to a stop from full speed in a relatively short time.
4. A precession damping device is described, which effectively damps the precession and wobbling of the rotor that usually occurs at certain speeds in machines of this type.
S. A relatively long section of shaft is used between the centrifuge rotor and lower bearings. This prevents vibrations from being appreciably transmitted through the shaft to the lower bearings and driving mechanism, and results in a negligible wear on the bearings.
6. The driving mechanism is designed so that the positions of its parts are adjustable, and so that the driving mechanism may be dismantled without disturbing these adjustments.
